Abstract: We examined the effects of pesticides on the central and peripheral nervous system in the setting of a tobacco farm at a developing country. Maximal motor and sensory nerve conduction velocities (MCV and SCV, respectively) in the median, sural and tibial nerves, postural sway, and brain-evoked potentials (auditory event-related and visual-evoked potentials) were measured in 80 male tobacco farmers and age-and sex-matched 40 controls in Kelantan, Malaysia. Median SCV (finger-wrist) in farmers using Delsen (mancozeb, dithiocarbamate fungicide), who showed significant decrease of serum cholinesterase activities, were significantly lower compared with the controls. Sural SCV in farmers using Fastac (α α α α α-cypermethrin, pyrethroid insecticide) and median MCV (elbowwrist) in farmers using Tamex (butralin, dinitroaniline herbicide) were significantly slowed compared with their respective controls. In Delsen (mancozeb, dithiocarbamate) users, the power of postural sway of 0-1 Hz was significantly larger than that in the controls both in the anterior-posterior direction with eyes open and in the right-left direction with eyes closed. The former type of sway was also significantly increased in Tamaron (methamidophos, organophosphorus insecticide) users. In conclusion, nerve conduction velocities and postural sway seem to be sensitive indicators of the effects of pesticides on the central and peripheral nervous system.
Introduction
Pesticides currently in use involve a wide variety of chemicals. Insecticides which can be neurotoxic to humans represent the greatest proportion of pesticides used in developing countries because of their relatively cheaper cost. The major occupational populations at risk are workers in agriculture 1) . Furthermore, pesticide residue 2) , carcinogenicity 3) , and endocrine-disrupting chemicals 3, 4) have recently become major concerns in the world.
A variety of neurological methods have been developed for evaluating effects of various environmental factors. These methods include nerve conduction velocities (NCVs) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , visual-, auditory-and somatosensory-evoked potentials (VEP, AEP, SSEP) [10] [11] [12] [14] [15] [16] [17] [18] , event-related potential (ERP) 7, 8, 10, 11, 14, 17) and computer-based posturography 6, 7, 10, 11, [18] [19] [20] [21] [22] [23] [24] . For example, neorophysiological tests have been employed to detect and document subclinical changes before lead-exposed individuals develop overt symptoms and signs, thereby preventing acute and/or persistent neurological illness among populations exposed to lead 18) . Some studies have demonstrated neorophysiological effects of pesticides in men, i.e. slowed NCVs [25] [26] [27] , prolonged latencies of brain-evoked potentials 28) , and indicated abnormal pattern on postural sway assessment 29) . However, it has been unclear which of the methods is most sensitive to the effects of pesticides. In the present study, we applied those techniques to tobacco farmers in Malaysia without recent clinical signs or symptoms of pesticide poisoning, by assessing the effects of such pesticides as dithiocarbamate, organophosphorus, pyrethroid, organochloline and dinitroaniline, on peripheral nervous system and central nervous system functions, aiming at elucidating the most sensitive methods to the effects of pesticides.
Subjects and methods

Subjects
Pesticide-exposed subjects were 80 male tobacco farmers in Kelantan, Malaysia. They were randomly selected from those who were registered with the National Tobacco Board (NTB), Malaysia. Control subjects were 40 male officers of NTB, in Kelantan, who did not handle pesticides or wet tobacco leaves. There were female farmers and officers, but they were excluded from the study. Four farmers and two controls were excluded because they had diabetes mellitus. Thus 76 farmers and 38 controls, who reported to have no present illness were included into the study. There were no significant differences in age, height, weight or smoking habit between 76 farmers and 38 controls (Table  1) . Because of religious reasons, all of the subjects did not have customs to consume alcohol. Written consent from each subject in the study was obtained after subjects were informed about the procedures and voluntary nature of their participation. All aspects of the study presented here were approved by the Research and Ethical Committee of the School of Medical Sciences, Universiti Sains Malaysia.
Use of pesticide
Main pesticides used in tobacco farms in Kelantan were Fastac (general name: α-cypermethrin, attribute: pyrethroid), Tamaron (methamidophos, organophosphorus), Tamex (butralin, dinitroaniline), Daconil (chlorothalonil, organochlorine), and Delsen (mancozeb, dithiocarbamate).
Study schedule
Four farmers and two controls per day were examined during the study period of August 8-30, 2001 . They were asked to come to the laboratory of the Department of Community Medicine in the School of Medical Sciences, University Sains Malaysia on daytime of a work day. All tests were performed by a well-experienced Japanese clinical technician with assistance of Malayan staffs.
Nerve conduction velocities (NCVs)
Measurement of NCVs in the right forearm and limb was conducted by the use of Medelec MS-92 two-channel electromyograph 13) . Skin temperature of hand and foot was in the range of 30.5-35.5°C (mean 33.3) and 29.8-34.8°C (mean 32.7), respectively. Conduction velocity is the amount of time from stimulation to the onset of principal depolarization (latency) divided by distance, i.e. m/s.
The maximal motor conduction velocity (MCV) and the sensory conduction velocity (SCV) of the median nerve in the forearm were measured as described in previous studies 5-7, 11, 27, 30) : MCV was measured between the elbow and wrist using the standard technique. SCV for the forearm (elbow to wrist) and palm (wrist to second finger) segments were antidromically measured in the usual manner. MCV of the tibial nerve was measured by stimulating the nerve at the popliteal fossa and the medial malleolus and by recording at the medial plantar 30) . SCV of the sural nerve was measured by the stimulation of the nerve in the lower third of the leg and recording at the lateral malleolus 30) .
Brain-evoked potentials
The event-related evoked potentials (ERPs) were measured by the method in which a random sequence of two distinguishable tones (90 dB SPL) was presented binaurally through earphones at a rate of 0.5 Hz. Eighty percent of the 150 tones had a frequency of 1,000 Hz (non-target tones) and 20% had a frequency of 2,000 Hz (target tones) 19) . The subject was instructed to count the target tone by pushing the button of the counter. In all cases, the reported total of the target tone was correct. Then, cerebral responses to the two stimuli were recorded using disc electrodes at the vertex, mastoids and forehead, and were averaged separately. The P300 component elicited by the target tone was defined as the first maximal positive wave between 250 and 500 ms of latencies; the N100 component by the non-target tone was also recorded to examine whether the change in P300 was independent of the early auditory responses 7, 19) . The pattern-reversal visual-evoked potential (VEP) was measured in a darkened room 19) . The pattern on the screen consisting of white and black squares, reversing at a rate of 2 Hz. One positive peek (P100) was recorded using standard EEG electrodes fixed to the occipital cortex, forehead and left mastoid (grand). Responses were averaged over 128 times 19) .
Computerized static posturography
Postural sway was quantitatively measured as described previously 10, 11, [18] [19] [20] [21] [22] [23] [24] by using a strain-gauge-type force platform (EB1101, NEC Medical Systems) in a quiet room with flat floor. Subjects were asked to stand on the platform for 60 s with eyes open and then for 60 s with eyes closed. The right-left and anterior-posterior locations of the body's center of pressure (CP) in the horizontal plane were recorded on a diskette with a sampling interval of 50 µsec using a microcomputer connected to the platform via A-D converter (KPCMCIA-16AI-C, Keithly Instruments). Lengths of the displacement of the CP in the right-left and anterior-posterior directions within each sampling time (a total of 1,200 points) were summed up for each direction and defined as the length of sway path of the CP in the right-left and anterior-posterior directions (Dx and Dy, respectively). The area included within the sway path during 60 s (Area) was also calculated 20) . Displacements of the CP in the both directions were subjected to Fast Fourier Transformation analysis. The total duration of sampling was 52.1 s (1,024 points). The span of frequencies analyzed was 0 to 10 Hz. Sum of the root squares of the power calculated from the power spectrum between (1) 0 and 1 Hz, (2) 1and 2 Hz, (3) 2 and 4 Hz, (4) 4 and 8 Hz, and (5) 8 and 10 Hz also served as measures of the amount of postural sway for each frequency range 20) . Frequency analysis could be useful in understanding the mechanism of neurotoxicity of occupational and environmental factors, as many clinical studies [31] [32] [33] [34] [35] [36] have suggested that disorders of the vestibular, spinocerebellar afferent, and cerebellar systems are related to the following changes in specific frequency domains and directions of postural sway.
(1) The lesion of the vestibulocerebellum (lower vermis), which contains the vestibulocerebellar pathway, shows a sway of no specific frequency with eyes open (low Romberg quotient) (the Romberg quotient is defined as the ratio of the value with eyes closed to that with eyes open). (2) The lesion of the spinocerebellar afferent pathway (including the spinocerebellar tract and proprioceptive nerve fibers in the legs) is associated with an omnidiredtional sway of low frequency (1 Hz or less) with eyes closed (high Romberg quotient). (3) The lesion of the anterior cerebellar lobe is related to a sway of high frequency (2-4 Hz) predominantly in the anterior-posterior direction with eyes closed (high Romberg quotient).
Interview
S u b j e c t s w e r e i n t e r v i e w e d j u s t b e f o r e t h e electrophysiological study by the staff of the Department. Topics of questions included subject's age, smoking status, alcohol consumption, how many years working with tobacco, names of pesticides used, and use of protective equipments.
Collection and analysis of blood samples
Following the interview, venous blood sample was drawn from each subject. Five ml of sample was placed in a plain test tube and centrifuged over 4,000 rpm for 5 min. Serum cholinesterase activity was measured using Hitachi 912 automatic machine (Knedel and Bottger, 1967) at the Chemical Pathology Laboratory, School of Medical Sciences, Universiti Sains Malaysia. Reference values for men (all ages), according to den Blaauwen et al. (1983) , was 5,300 to 12,900 IU/l. Although assays of both of plasma butyryl cholinesterase and red blood cell acetylcholinesterase are widely used to assess pesticide exposure, with their variable response to organophosphate 37) only the serum cholinesterase activity was measured because of its rapidity and easiness 38) .
Statistical analysis
Student's t-test was used to examine differences in P300, P100, NCV, blood level of cholinesterase activities, age, height, and skin temperature. All statistical analyses were performed using SPSS version 10.1 (SPSS, Inc).
Results
There were no difference in age between the controls and each sub-group exposed to Fastac (43.
About conditions of pesticide use among 76 tobacco farmers, most of them used knapsack pesticide applicator. Practice of protective varied by cloth and equipment, most of them wore long sleeve shirt, long pants, not drink, eat, or smoke while while spraying, wash hands and face, change clothes immediately after spraying (Table 2) .
No statistically significant differences were observed in MCV, SCV, BEP, or postural balance (Dx, Dy, and Area) between all farmers combined in terms of exposure to various pesticides and controls (Table 3) . Results for frequency analysis of postural sway showed significant differences in the right-left direction (1-2 Hz) and the anterior-posterior direction (0-1 Hz) with eyes open between all farmers combined and controls (Table 4) .
The serum cholinesterase activity was significantly decreased in Delsen (mancozeb, dithiocarbamate) users (Fig.  1) . In this group, median SCV (finger-wrist) was significantly slowed as compared with controls (Fig. 2a) , and correlated significantly with cholinesterase activities (Fig. 3) . Sural SCV in Fastac (α-cypermethrin, pyrethroid) users and median MCV in Tamex (butralin, dinitroaniline) users were also significantly slowed (Fig. 2b, 2c) .
In Delsen (mancozeb, dithiocarbamate) users, the power of postural sway of 0-1 Hz was significantly larger than that in controls in the anterior-posterior direction with eyes open and in the right-left direction with eyes closed (Fig.  4a, 4b) . The former type of sway was also significantly increased in Tamaron (methamidophos, organophosphorus) users (Fig. 4a) . In Fastac (α-cypermethrin, pyrethroid) users, the power of postural sway of 1-2 Hz was significantly smaller than that in controls in the right-left direction with eyes open (Fig. 4c) . These sway parameters did not correlate significantly with cholinesterase activities (p>0.05).
Discussion
Delsen (mancozeb) is a dithiocarbamate compound containing metal atom (manganese and zinc) as an R group and used as herbicides and fungicides 39) . This pesticide has been reported to have relatively low anticholinesterase activity as compared with organophosphorus 39, 40) . The neurotoxicity of the dithiocarbamates has been attributed in part to carbon disulfide, which is a common metabolite of all dithiocarbamates 39) . It is suggested in the present study that Delsen may exert their effects by inhibiting cholinesterase enzymes, as in Delsen users median SCV was significantly correlated with serum cholinesterase activities, which was lower than the activities in controls. By contrast, it has been observed that slowing of peripheral nerve conduction velocities were not related to cholinesterase inhibition in organophosphate or carbamate users 41) . In Delsen users, 0-1 Hz of postural sway in the anteriorposterior direction with eyes open and in the right-left direction with eyes closed was significantly increased compared with those of controls. They suggest vestibulocerebellar and spino-cerebellar effects, respectively, as observed in workers exposed to lead 22) and organic solvent (n-hexane) 23) . Tamaron (methamidophos) is a organophosphorus compound which readily crosses the blood-brain barrier, resulting in an excess of available acetylcholine at particular central nervous system receptors and at neuromuscular junctions by inhibiting cholinesterase 39) . The neurotoxic effects of exposure to organic phosphorus compounds occur in three successive clinical stages, viz acute cholinergic crisis, intermediate syndrome and delayed peripheral neuropathy (which is also known as organophosphate-induced delayed neuropathy) 39) . The chemicals involved in these distinctive intoxications include fenthion, dimethoate, monocrotophos and methamidophos 40) . In organophosphorus manufacturing workers who developed mild symptoms of the enzyme acetylcholinesterase inhibition, auditory-and visual-evoked potentials showed lower amplitudes and longer peak to peak latencies 39) . The NCV, SCV, and distal latencies of the sural and median nerves were within normal ranges in those exposed to organophosphorus 28) . Engel et al. 42) observed that ulnar MCV in apple thinners who were exposed to detectable levels of organophosphorus did not significantly become slower than that in references. On the other hand, Steenland et al. 27) reported significant trends of increased impairment with increased days of disability for peroneal MCV in organophosphorus poisoning cases. Ruijten et al. 26) reported the relationship between organophosphorus pesticide exposure and decreasing median MCV and SCV, peroneal MCV, and Sural SCV.
In the present study, Tamaron users did not show decreased serum cholinesterase activities, suggesting that these farmers might have used Tamaron in proper manner because of its high toxicity. In these farmers, no significant change in NCV or VEP, were observed. By conrast, 0-1 Hz of postural sway in the anterior-posterior direction with eyes open was significantly increased, indicating the vestibulo-cerebellar effect of Tamaron. This finding agrees with previous observation of increased vestibulo-cerebellar type of sway in sarin (toxic organophosphorus for warfare chemical agent) poisoning cases in Tokyo subways 19, 24) . Thus, the vesteibulocellebellar system seems sensitive to the effects of organophosphorus.
Fastac (α-cypermethrin) is a pyrethroid compound which contains the α-cyano substituent 40) . Cypermethrin was historically grouped in CS (choreoathetosis with salivation) intoxication syndrome following intravenous or intracerebral administration to rodents 43) . Pyrethroids prolong the duration of opening of a proportion of sodium channels across the nerve membrane 1) . Cyanopyrethroids prolong the Na + current to a much greater extent than non-cyano-pyrethroids and have higher toxicity 1) . Pyrethroid also acts on some isoforms of voltage-sensitive calcium and chloride channels 44) . Effects on peripheral-type benzodiazepine receptors may contribute to or enhance convulsions caused by actions at other target sites 42) . Decrease of sural SCV in Fastac users was observed in the present study, which might have indicated peripheral nerve toxicity of the compound. Fastac users also demonstrated the change in postural sway, of which significance should be further investigated.
Daconil (chlorothalonil) is a organochlorine compound. This is no longer considered on important class of insecticides in industrialized countries, although the organochlorine insecticides are used in developing countries because they are inexpensive chemicals 38) . The risk-benefit ratio is highly weighted in favor of their continued use for the control of insects causing devastation to crops and human health 38) . Apprehension and excitability followed by various neurologic signs including twitching, tremors, mental disorientation, weakness, paresthesia, and convulsions, which are often epileptiform, are the symptoms and signs described in humans 43) . The present study, however, demonstrated no significant neorophysiological changes.
Tamex (butralin), used for terrestrial non-food crops and tobacco, is a dinitroaniline compound of which neurotoxicity has not been clearly demonstrated 45) . The available mammalian data indicate that butralin is slightly toxic to small mammals on an acute oral basis 45) . Slowing of median MCV in Tamex users observed here, remains to be confirmed by further studies.
In all farmers combined, the sway of low (0-1 Hz) frequency in the anterior-posterior direction with eyes open was significantly increased. This might have reflected the changes in Delsen and Tamaron users in the present study. Again, postural sway is a sensitive measure of the effects of pesticides. In all farmers combined, 1-2 Hz of postural sway in the right-left direction with eyes open was decreased. The underlying mechanism remains to be investigated.
The study presented here, however, have some limitations. First, further study is necessary to clarify the effect of sole exposure to each single pesticide. Second, as also being at risk of nicotine poisoning from tobacco leaves 46) , results should have been assessed in terms of the Green Tobacco Sickness Syndrome. Third, as dosage form or formulation of pesticides might have affected the results, these informations should be collected in a further study. Effective Transverse lines are averages. Numbers of subjects are different from those registered for the study as measurements were unable to be done because of technical reasons in some subjects. preventive measures should be developed in relation to safety use of pesticides, as reported in our previous study 47) . 
